Mechano-chemical models
To determine the location of the translocation step within the replication cycle, we initially considered a minimal nucleotide incorporation cycle where the activation of the ternary complex and the fast following chemical steps were grouped within a single rate limiting step ( Figure 1A ). Since no significant conformational changes within the polymerase-DNA complex occur during these steps translocation is not expected to occur concomitant to the rate-limiting step of the reaction. Assuming a single force dependent state, or in other words, assuming that translocation is associated with only one step of the cycle, three alternative general models could explain the coupling mechanism between the chemical and mechanical steps during the nucleotide where F is the applied load, k B is Boltzmann's constant, T is the temperature, and is the effective distance over which the applied load acts on translocation (1).
Three states power-stroke models (Model 1 and Model 2)
The power stroke translocation mechanisms, Model 1 and Model 2, differ in the step of the reaction that propels translocation, dNTP binding and PPi release, respectively. For both mechanisms the minimal kinetic mechanism can be represented with a three state model as
In both cases DNAPn+1 and DNAPn correspond to the same state of the polymerase- 
where the MM parameters, and , (or their inverses) are given in terms of the rates of the reaction (see equations 3 and 4 below). We note that throughout this work we have used the inverses of (maximum velocity at saturated dNTP concentrations) and = max / (effective rate of dNTP binding), because they provide more apparent expressions with simpler relations among characteristic times (inverse of the rates) and the processes involved during the cycle. These simple relations provide a straightforward interpretation of the observations and their implications (see below).
The observed force dependency of 1/V max rules out Model 1.
According to Model 1 ( Figure 1B ), translocation is driven by the nucleotide binding reaction. In this case, load opposing translocation would affect specifically the nucleotide binding and/or unbinding rates, k on [dNTP] (F) and k off (F) . A direct consequence of this model is that the replication velocity at saturated dNTP concentrations, V max , should not depend on force (1) (2) (3) (4) . This is because V max (or 1/ V max , see equation 3) does not depend on k on (F) [dNTP] and k off (F), which are the only force dependent rates of the cycle in Model 1
Then, a model proposing that translocation is driven by nucleotide binding, such as Model 1, implies that velocity at saturated dNTP concentrations should be force independent. The observed force dependency of 1/V max argues directly against this mechanism ( Figure 4B ).
The observed force dependency of 1/k b (F) rules out Model 2.
In Model 2 ( Figure 1C ), translocation occurs during PPi release, being k ppi (F) the only force dependent rate of the nucleotide incorporation cycle. According to this model the inverse of k b (F) can be written as
This model can be excluded if one of the following conditions are verified (Figure 4D ), arguing against a direct connection between the PPi release step and mechanical translocation.
Altogether our data argue against models where translocation is power-stroked by dNTP binding or PPi release.
Exclusion of alternative 3-state models
We checked the compatibility of the experimental data with an alternative model considering that translocation occurs during the step located between the dNTP-bound and PPi-bound states. As we did for the other 3 models discussed in the manuscript, we considered that this step comprises the rate-limiting activation of the ternary complex and the following rapid chemical steps (references 5 and 10 to 20, main text).
In this case, the rate-limiting step was force dependent and their forward and backward rates were defined by k cat (F)and k-cat (F), respectively. Also, as in the other models and according to our data, the PPi release step was considered largely irreversible (k -ppi ~0 We note that, when translocation is considered to occur associated with a single step of the nucleotide incorporation cycle, the experimental data is not compatible with any model (3 and/or 4 states) where the translocation step is also the rate-limiting step of the reaction. This is because the main contribution to 1/ at zero force comes from the value of the parameter a, which does not depend on force (and therefore, is not associated with translocation).
Four states Brownian ratchet mechanism (Model 3)
The Brownian ratchet mechanism, Model 3, considers that translocation occurs by thermal diffusion after PPi release and before dNTP binding, and requires the inclusion of an additional state after PPi release (see below and Figure 1D ). In this case, the force dependent rates of the reaction are the forward and backward translocation rates,
The evolution equations for the occupation probabilities of this four states model are: 
Translocation
Each of these expressions can be recast as the sum of a force independent and a force dependent term
where the coefficients a, b, r, s, are given in terms of the rates of the cycle and, the Table S1 . Best fit values of the parameters in eq. 11 and eq. 12.
Importantly, these values also support the observed force dependency for 1/V max (F), 4C and 4D, respectively). In addition, they predict the observed dNTP concentration dependence of the detachment load (black solid line in Figure 3D ).
Detachment load determination
Briefly, we found that the detachment load ( 
Determination of rates
We note that there is a direct relationship between the parameters obtained from the fits (equations 11 and 12, Table S1 ) and several of the rates and conformational changes of the nucleotide incorporation cycle. We used these relationships for the following calculations:
1.-Calculation of rates and conformational changes related to translocation:
The relations between the free coefficients and the forward (k T ) and backward (k-T ) translocation rates are the following: (Table S1 ). Therefore, K  = 
Calculation of the nucleotide condensation and catalysis rate, k cat :
The value of k cat can be derived from the relation = 1 (1 + Note that the main contribution to 1/ at zero force comes from (since > ), pointing out that k cat corresponds to the rate limiting step of the reaction at saturated dNTP concentrations. Interestingly, the results from the fits directly showed that the rate limiting step of the nucleotide incorporation cycle does not depend on force and therefore, it is not associated with translocation. This result is in agreement with our initial assumptions, which were based on previous kinetic and structural studies on several DNAPs (6,14-17).
Calculation of the nucleotide binding rate, k on :
The value of k on can be derived from the relation = 1 [ in the stationary state are given by
T refers to nucleotide concentration and k i and k-i correspond to the forward and backward rates, respectively, of the different step of the Brownian ratchet model (Model 3) described before and in Figure 1D . To estimate the load dependent occupancy probability (M i ) of each state of the replication cycle, we used the values of the rates and force dependencies obtained in our work ( Figure S9B shows the effect of load on the probability of occupancy of the dNTP/PPi-free state.
Exclusion of alternative 4-state models
As mention before, we initially excluded the possibility that translocation may occur associated to the rate limiting step. This assumption was made based on extensive biochemical and structural data showing that no significant conformational changes within the polymerase-DNA complex occur during this reaction (6, (14) (15) (16) (17) (F) , implying a load independent 1/V max , which contradicts our measurements. This possibility is equivalent to the three-state power stroke Model 1 described above.
The PPi release process cannot be directly associated with translocation if
According to equation 10, these conditions would imply that 1/k b should be force independent, which is not reflected in our data. As mentioned before, kinetics studies on Family A and B DNAPs showed that k ppi >>k -cat (5-11), implying that Additional force dependencies are not required to fit the data Based on kinetic and structural studies on different DNAPs, the models proposed in this work assume that translocation is associated to a single step of the nucleotide incorporation cycle. Since load is expected to affect specifically the step of the cycle related to motion, all the models proposed here present a single load dependent step.
However, alternatively one could consider either that translocation is distributed among several steps of the cycle or that load modifies, besides the translocation step, other steps of the nucleotide incorporation reaction, ie: by affecting the polymerase structure or the polymerase-DNA interactions. In these cases more than one step of the cycle would depend on force. We checked these possibilities by testing four-state models with several force dependent steps. We found that, although these models involved more parameters, they did not significantly improve the fit to data (not shown).
Although the possibility of additional force dependencies cannot be totally excluded with our present analysis of data, these results strongly suggest that a 'simple' fourstate model with single force dependent step is good enough to explain the experimental data. According to the results discussed above this translocation step occurs after PPi release and before dNTP binding. annealed to act as a primer for DNA replication.
Supplementary Materials and Methods

DNA
The following DNA construct was designed to apply aiding loads during replication (Supplementary Figure 1B) . A 3487 long dsDNA molecule with a 249 nucleotide protruding 3' end was generated as described above. In this case, a 24-mer oligonucleotide (5'-CTAGGTGTGTGGGTGAAGTCATGC-3') was annealed to the protruding 3' end leaving a 4 nucleotide long 5'-overhang (5'-CTAG). The overhand was used to ligate the pUC19 dsDNA vector (2,686 bp) previously digested with XbaI and labeled with digoxigenin at one end (20) . The dsDNA molecule added upstream the 3' end of the primer provides separation between the beads (~1 m) and can be used as a handle to apply aiding loads to the polymerase-DNA complex.
Conversion of distance changes to replicated nucleotides.
The number of nucleotides incorporated at a particular load was obtained by dividing the measured distance change between the beads by the average distance between single-(for primer extension activity) or doubled-stranded (for strand displacement activity and aiding loads) nucleotides at that load. The extension between dsDNA nucleotides at each force was calculated using the worm-like chain (WLC) model for polymer elasticity with a persistent length of P = 53 nm and stretch modulus S = 1200 pN / nm for dsDNA. The extension between ssDNA nucleotides at each force was calculated, as described elsewhere (20, 21) , by subtracting the extension of the dsDNA fraction to the final force-extension curve of the hybrid molecule at each force and dividing by the total number of ssDNA nucleotides (Supplementary Figure S4) . No significant differences were found between the force-velocity relationships corresponding to the primer extension and strand displacement replication conditions, suggesting that load does not act on the mechanism used by the polymerase to separate the two strand of the DNA. Previous single molecule manipulation studies in our laboratory, showed that mechanical tension applied on the DNA favours the strand displacement rate but does not affect the the primer extension rate of the Phi29 DNA polymerase (21) . The differences between our former and current studies indicate that, load applied directly to the polymerase (current work) and mechanical tension applied Upon arrival on dNTPs, replication starts; this is detected as an increase in the distance between the beads (green arrows). During active replication, the force on the replication complex was increased in rapid jumps (force jumps, vertical black arrows).
In this way, the activity was measured at increasing constant aiding forces on the Supplementary Figure S9 dNTP/PPi-free state
